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A B S T R A C T
The ability to deflect dangerous small bodies in the Solar System or redirect profitable ones is a necessary and
worthwhile challenge. One well-studied method to accomplish this is laser ablation, where solid surface ma-
terial sublimates, and the escaping gas creates a momentum exchange. Alternatively, laser-induced spallation
and sputtering could be a more efficient means of deflection, yet little research has studied these processes
in detail. We used a 15-kW Ytterbium fiber laser on samples of olivine, pyroxene, and serpentine (minerals
commonly found on asteroids) to induce spallation. We observed the process with a high-speed camera and
illumination laser, and used X-ray micro-tomography to measure the size of the holes produced by the laser to
determine material removal efficiency. We found that pyroxene will spallate at power densities between 1.5
and 6.0 kW cm−2, serpentine will also spallate at 13.7 kW cm−2, but olivine does not spallate at 1.5 kW cm−2
and higher power densities melt the sample. Laser-induced spallation of pyroxene and serpentine can be two- to
three-times more energy efficient (volume removed per unit of absorbed energy) than laser-induced spattering,
and over 40x more efficient than laser ablation.1. Introduction
Laser ablation is the process of using a laser to heat a small area of
material beyond its sublimation temperature, which removes surface
material in gas form. The first mention of using laser ablation to alter
the orbits of objects in space was in 1994 [1], roughly the same time
the US Congress passed its first mandate to NASA to catalogue large
near-Earth asteroids (NEAs) and identify potentially hazardous ones.
The same process can also be used to de-spin or de-tumble an asteroid
to prepare it for processing or manipulation [2]. Asteroid impacts pose
a serious threat to the Earth’s ecosystem. The mass-extinction event
that occurred ∼65 million years ago was due to a 10–80-km-diameter
asteroid impacting just off the Yucatán peninsula [3]. A more recent
(and better-documented) example was the Chelyabinsk superbolide: an
NEA roughly 20 m in diameter, traveling over 19 km s−1 with respect
to the Earth, exploded in the sky near the Russian town of Chelyabinsk
in early 2013 [4]. The effects of the explosion (i.e. glass breaking,
knocking people and things down, etc.) injured over 1000 people and
damaged over 3000 buildings. The famous Tunguska event was most
likely caused by a 60-m-diameter object exploding a few kilometers
above the forest in the Siberian wilderness [5]. It is vital that we
develop technologies and systems capable of mitigating these types of
threats.
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The profile of a space mission to deflect a potentially hazardous
object depends on a number of factors such as warning time, object
size, composition, and structure. For relatively short warning times,
impulsive methods such as kinetic impact, e.g., NASA’s upcoming
Double Asteroid Redirection Test (DART) mission, or nuclear blast
would be applicable, whereas if more warning time is given, slower
methods such as gravity tractor or laser ablation could be used [6].
The slower methods allow for more precise orbit control, which could
also open the door for resource exploitation. A recent comparative
analysis studied several methods and analyzed their effectiveness at
delivering asteroids between 20 and 150 m in diameter to the Earth–
Moon system (EMS) [7]. It included ion beam push, tugboat, gravity
tractor, laser ablation, and mass driver. Each method has its advantages
and disadvantages, such as spacecraft mass, mission duration, and
robustness. Using a laser to redirect an asteroid has three advantages:
(1) it can be performed without landing, (2) it does not require extra
fuel, and (3) it can be used on a variety of targets.
Several challenges arise when building a laser ablation asteroid
redirection model. First, all astronomical bodies are rotating or tum-
bling. A simple fix to account for this was mentioned in [8] where a
lateral velocity requires an increase in power density to maintain an
appropriate heating time per unit volume. Second, laser beams havevailable online 23 February 2021
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models, like that in [9], mention the effects of this sensitivity, most
assume perfect spot control. Even if the spot is perfectly maintained,
the issues surrounding beam divergence will re-emerge as the hole gets
deeper. Third, unless the laser is operating in the femtosecond pulse
range, thermal effects will cause a melt front to appear given enough
time [10].
Over 80% of the known NEAs are S-type or C-type, composed of
mostly silicates and carbonaceous materials, respectively [11]. It is
suggested that olivine and pyroxene make up the bulk material in
these asteroids, and were thus selected for study [12]. As water is
one of the most speculative space resources, serpentine was chosen to
be studied as well, as it is the most common hydrated mineral found
in meteorites [13]. Laboratory experiments with laser ablation have
been performed in the context of asteroid redirection. Some studied
the effects of a continuous-wave, 90-W laser on an olivine sample in a
vacuum chamber [14,15]. Force measurements on pyroxene as well as
high-fidelity asteroid simulant powders were also performed with a 33-
W average power, picosecond pulsed laser [16]. The DE-STAR system
has been developed over the past six years, and have studied the effects
of a phased-array laser system on basalt [17].
The fundamentals of laser cutting and drilling were outlined in
1964, just four years after the invention of the laser [18]. These
processes have been drastically improved over the decades with the
addition of assist gases and new laser sources. High-Speed Imaging
(HSI) has also allowed researchers to observe the processes that oc-
cur during laser irradiation, e.g. melt pool behavior [19] and spatter
dynamics [20] (when molten material is ejected from the melt pool),
as well as the effects of processing gases [21]. It has recently been
shown that, using a 300-W laser, minerals like olivine, pyroxene, and
serpentine will liquefy and sputter a significant amount of material
well before a steady-state vapor ‘‘engine’’ forms [22]. Some research
suggests that an even more efficient mechanism of material removal
is spallation, where solid pieces of material break off without melt-
ing [23]. The study showed that for sandstone and slate, the power
density that caused spallation (just before melting) was the most energy
efficient, which is a crucial factor when considering spacecraft mass
and power requirements. Here we seek to answer questions like: Will
olivine, pyroxene, and/or serpentine exhibit spallation behavior? What
laser parameters (i.e. power and pulse width) will produce spallation?
Is the energy efficiency comparable to previous work in [22] and [23]?
2. Methodology
First, two samples each of olivine, pyroxene, and serpentine were
cut into roughly 1-cm thick pieces. The source rocks were the same as
the pre-characterized samples used in [22]. One sample of each min-
eral was pre-analyzed with X-ray microtomography (XMT), the other
samples were used more experimentally to find promising laser pulse
parameters, which would then be used on the pre-analyzed samples.
Each experiment, both on the testing and pre-characterized samples,
was recorded with a setup consisting of a high-speed camera and an
illumination laser. All of the samples were then analyzed with XMT to
characterize the resulting cavities.
2.1. Sample characterization
As the samples used in this experiment were cut from the same
source as in previous research, we will assume that the mineralog-
ical and spectroscopic properties are the same as found in [22]. In
summary, the petrographic analysis revealed that the pyroxene and ser-
pentine samples show more variation than the olivine sample, meaning
they have larger regions of differing compositions and clear bound-
aries between the regions. It also revealed that the pyroxene and
serpentine had more cracks and cleavages compared to olivine. The
spectroscopic analysis revealed that, at the wavelength of the laser, our326Fig. 1. Images of the pre-characterized samples showing overall macroscopic charac-
teristics; from top to bottom, they are: (a) olivine, (b) pyroxene, and (c) serpentine.
The red circles indicate the location of experiments. The units on the ruler are cm.
serpentine sample was the most reflective (28%), followed by pyroxene
(22%) and olivine (19.5%). Images of the samples were taken after the
experiments, and are shown in Fig. 1.
The density of olivine, pyroxene, and serpentine are 3.8 g cm−3,
3.4 g cm−3, and 2.6 g cm−3, respectively [24].
2.2. Laser experiment and observation
The experiments were conducted with a YLR-15000-MM-WC Ytter-
bium fiber laser from IPG Photonics, with capabilities given in Table 1.
The laser head (using mirror optics) was fixed to a crossbar and angled
15◦ from horizontal to prevent reflections from damaging the optics.
Argon gas flowing at 20 L min−1 was used as a shielding gas. The target
was placed on a one-dimensional platform in order to move the sample
between experiments. The surfaces of the samples were placed beyond
the focal plane, such that it created a 1-cm-diameter spot, allowing for
power densities up to 13.7 kW cm−2. The beam profile in focus was a
top-hat shape, but out of focus it more resembled a Gaussian shape.
The High-Speed Imaging (HSI) system used in these experiments
was based on the setup in [19]. A high-speed camera (FASTCAM Mini
UX100 type 800-M-16G) was operated at 12 500 fps at a resolution
of 1024x400 to capture what physical processes occurred during laser
irradiation. A 810 nm bandpass filter was used in conjunction with an





Source power <15 000 W
Min. pulse length 1 ms
Core diameter 200 μm




Power (kW) 1.5, 3.0, 4.5, 5.0, 6.0
6.5, 9.0, 11.7, 12.7, 13.7
Pulse width (ms) 5, 10, 20, 30, 35
Pulse gap (ms) 1, 5, 10, 20, 100
illumination laser of the same wavelength (CaviLux CW) in order to
filter out most of the processing light, thereby providing a clearer view
of the experiment sites. The illumination laser was split into two optical
heads (30 W each). The HSI camera used an exposure time of 62.5 μs
per frame. An overview of the entire experiment setup is given in Fig. 2.
There were three independent variables in the experiments: laser
power, pulse width, and pulse gap. We configured the laser control PC
to produce the exact number of pulses required. The power varied from
1 500 W to 13 659 W, the pulse widths from 5 ms to 35 ms, and the
pulse gaps from 1 to 100 ms; the exact values are given in Table 2.
The maximum output power of the laser was limited due to damaged
modules, so 13 659 W was the highest power setting possible.
The parameter selection began with the olivine test sample, as it
had the most surface area to experiment on. The experiments began
with the lowest power setting of 1.5 kW and a pulse width of 10 ms;
the HSI footage was studied immediately after. Based on the results,
the power was incrementally increased until melting just started to
happen. This procedure was repeated for the other two test samples to
find the power density that produced spallation before melting. Using
these power densities, the pulse widths and powers were varied while
maintaining the total pulse energy (e.g., halving the power required
doubling the pulse length) to see if that had any effect on the results.
Each sample had at least one experiment where a train of 5 pulses were
sent in succession to see if more spallation would occur or if melting
would dominate.
The pulse parameters were manually entered into the processing
laser control PC. The CNC PC was used to toggle the shielding gas and
processing laser via an ethernet connection. The recording on the HSI
PC was manually activated after the CNC PC program was started. The
HSI PC triggered the illumination laser and HSI camera to capture two
seconds of footage. The resulting recording was analyzed, clipped, and
saved to include only the part of the file where processing and cooling
occurred. The manual capture method was successful in 33 out of 34
experiments.327Fig. 3. Frames from HSI of laser irradiation on olivine. The laser power was 5 kW and
pulse length of 20 ms. Time flows from top to bottom, starting in the left column. The
laser spot size is shown in the top left frame, spallation is seen at 3.3 ms, a hyperfast
jet at 5.3 ms, and the sputtering processes begins at 8.5 ms. The bottom right frame
shows the melt pool cooling as the laser is shut off.
2.3. X-ray microtomography
The XMT measurements were carried out with a GE phoenix nan-
otom s system. The generator settings were 100 kV and 150 μA and
a 0.5 mm Cu filter was added to the beam. A total number of 1000
projections over 360 degree rotation with 3 x 500 ms exposure time
were recorded to pre-characterize the samples, and 1200 projections
with 1 x 500 ms exposure time were made on the post-processed
samples. A voxel size of 33 μm or 40 μm was chosen for each scan. The
3D volume data was reconstructed from these data sets using datos|x
reconstruction software version 2.4.0.1199 (GE phoenix).
3. Results
The results are split into two sections: the HSI observation of the
processing, and the XMT measurements.
3.1. Laser irradiation and high-speed imaging
Olivine shows weak spallation at the powers used in the exper-
iments. Initially, some small (micrometer-sized) pieces come off (up
until 5.3 ms in Fig. 3), and soon the area at the center of the laser
beam begins to melt and sputter (at 8.5 ms in Fig. 3). As the irradiation
continues, the size of the melt pool increases, eventually matching the
laser spot diameter of 1 cm. The size of the spatter also increases,
some pieces over 1 mm in diameter. One unique feature of the olivine
experiment was, what appear to be, hyper-fast jets that lasted only one
frame (5.3 ms in Fig. 3) before the melting began. These jets were
roughly 1 mm in width, and visible 2–3 mm above the surface. Once
the laser was shut off, a large, translucent mass of bubbles formed over
the irradiated area (up to 4 mm in height), possibly filled with gas
from the olivine sample, and/or a combination of the shielding gas and
atmosphere.
Pyroxene, the next mineral to be tested, behaved notably different
compared to olivine. The initial moments of the laser irradiation caused
the pyroxene to become lighter (from 0.0 to 2.0 ms in Fig. 4). The
Acta Astronautica 182 (2021) 325–331N. Anthony et al.Fig. 4. Frames from HSI of laser irradiation on pyroxene. The laser power was 3 kW
and pulse length was 20 ms. Arrow in the 2.0 ms frame highlights the discoloration
prior to spallation.
Fig. 5. Frames from HSI of laser irradiation on pyroxene. Each frame is taken from
the middle of each pulse in a 5-pulse experiment. The laser power was 3 kW, pulse
width was 20 ms, and the pulse gaps were 100 ms.
discoloration continued until spallation began. The pieces ranged in
size from less than 1 μm to 4–5 mm. Throughout the experiment,
areas of the pyroxene under irradiation would become lighter and
then spallate. As the total energy of the experiment began to increase
(i.e., more pulses were used) the pyroxene began to melt, and exhibited
spattering behavior similar to that of olivine (Fig. 5). Of the five
experiments, the ones with one pulse were dominated by spallation;
clips from the HSI of these experiments can be seen in Supplementary
Videos 1 (Hole 1 in Table 3), 2 (Hole 3 in Table 3) and 3 (Hole 5 in
Table 3).
Serpentine behaved similar to pyroxene, though it required signifi-
cantly more energy to begin the process. The laser had to be turned
up to the maximum power and use longer pulse lengths than those328Fig. 6. Frames from HSI of laser irradiation on serpentine. The power is 12.4 kW and
pulse length is 20 ms. This figure captures a spallation event within the first millisecond
of exposure.
Fig. 7. Frames from HSI of laser irradiation on serpentine. The power is 12.4 kW and
the pulse length is 20 ms. This figure shows the spallation and sputtering of the entire
pulse, including some after-effects seen at 24.5 ms. Note this is footage from the same
experiment as Fig. 6.
used for both olivine and pyroxene. The processing began similar to
that of pyroxene, except the material darkened instead of lightened
(Fig. 6). The area under the center of the laser beam began to melt
and sputter sub-μm pieces until several large (1–2 mm), flat chunks
came off. After the initial spallation, the sputtering of sub-μm pieces
continued and grew. As time progressed, a combination of molten and
solid chunks ranging from sub-μm to 2 mm continued to break off (up
to 6.6 ms in Fig. 7). A relatively large piece (4–5 mm in width) can be
seen breaking off behind the spatter at 8.5 ms. As the processing area
began to match the laser spot diameter (∼1 cm), the processing was
dominated by what looked to be a more molten-sputtering scenario,
though some spallation of millimeter-sized pieces still occurred. The
melt pool behaved differently than for olivine and pyroxene. There was
no one large pool that chaotically threw off material, rather a more
steady stream of molten material being cast off as small pieces directly
from the surface (from 8.5 to 19.5 ms in Fig. 7). A clip of the HSI where
both spallation and spattering is present is given in Supplementary
Videos 4 (Hole 1 in Table 3).
Acta Astronautica 182 (2021) 325–331N. Anthony et al.Fig. 8. A cross-section image from the XMT scan of the serpentine sample post-
processing. The surface is designated with a thin line, and the five experiments are
circled.
3.2. X-ray microtomography analysis
As the holes were shallow and material began to extrude above
the hole edges, calculating the volume was a challenge. Unfortunately,
accurate values of volume removed could only be extracted from the
pre-characterized samples. The 3D volume data was analyzed using the
free software Fiji (ImageJ) [25,26] by first manually choosing a small
region of interest (ROI) around each hole (see Fig. 8. First the pre-
image and post-image were resampled to the same voxel size (33 μm or
40 μm) if necessary. Then the 3D images were aligned using Fijiyama
plugin (version 2020-09-02) [27]. The gray scale of the pre-image was
normalized so that its mean and standard deviation matched those of
the post-image. Then for each ROI to be analyzed the aligned pre- and
post-images were subtracted from each other to create a difference
image. Prior to subtraction, the pre-images were displaced with sub-
pixel accuracy along the sample surface normal to make the subtraction
as accurate as possible. The best displacement was chosen such that
the standard deviation of the difference image would be minimized at
the surface location at the edges of the ROI (away from the hole). A
threshold value was then chosen as 𝑇 = (𝑣rock − 𝑣air )∕3, where 𝑣rock
and 𝑣air are the gray levels of rock material and air in the pre-image.
The difference image was then segmented to into two parts: first, the
hole (values below −𝑇 ), and second, material that had re-solidified on
top of the surface (values above +𝑇 ). An outlier removal with radius
of 2 pixels was run on the individual slices of the segmented data,
and further a volume opening with the minimum voxel count of 100
was applied to the 3D segmented data. The volumes of the segmented
components were directly calculated from the data. The errors for the
volume calculations were estimated as the standard deviation of the
volumes when the subtraction was done with different displacements
of the pre-images along the sample surface normal (range ±1 pixel).
A summary of the volume of material removed for each experi-
ment is given with its measurement standard deviation in Table 3.
The measured volume removed is given with a standard deviation,
which was calculated by varying the surface plane height. The total
energy is found by multiplying the pulse power (from the laser) by
the absorptivity of the material at the laser’s wavelength determined
in [22]. Volume efficiency is found by dividing the volume removed by
the total energy (with unit conversion). Mass rate represents the volume
removal rate, and it was calculated by dividing the volume removed by
the length of the pulses and multiplying by the material density. The
ranges accompanying the volume efficiency and mass rate are based on
the standard deviation of the volume removed.
4. Discussion
The spot size of the laser beam was sufficiently large as to average
out any micro-structural differences, which led to a large variation in
the results reported in [22]. The images of the holes (Fig. 1) show a
consistent color among the olivine and pyroxene, though there seems329to be a difference between the test and control samples of serpentine.
The test sample shows the darkening feature of the initial exposure to
laser irradiation, as the power levels were too low to initiate melting
or spallation. The control sample has a consistently white color in all
the samples, with perhaps a darkened ring on the right two sites. These
rings are due to the shape of the laser profile being Gaussian (i.e. high
power in the center, reducing radially.)
Due to the fact the target was placed beyond the focal point of the
laser, the laser power intensity grew the further above the surface the
pieces traveled, thus solid material moving upwards would show signs
of melting.
The spallation seen in the olivine experiments was possibly not even
due to the olivine mineral, rather local concentration of other minerals
like pyroxene, that do easily spallate. This can be seen in the two right-
most circles in Fig. 1, as well as on the test pieces; the laser would
‘‘remove’’ the darker spots, leaving a lighter circle. Pyroxene was also
the only material of the three tested that did not completely melt. If
material can be removed without melting, the freshly-exposed and un-
altered material can be compared to that on the original surface, to
study the effects of space weathering.
The presence of processed material poses a challenge to the space-
craft environment. Even the earliest mention of ablation-related deflec-
tion mention that the re-deposition of gas on the solar concentrator
would limit the mission to 10–30 minutes [28]. For laser systems,
the gas would coat the solar panels and focusing optics, making them
less efficient or breaking them completely. If the processed material
is instead broken into macroscopic pieces, it changes the resulting
environment around the spacecraft. Although there may still be some
gas, most of the material will be relatively slow-moving particles, and
thus will not accumulate on vital components.
When looking at the streaks produced by spatter in Figs. 3 and 7,
we can estimate the velocity of the fastest moving particles. The streaks
are roughly 1 mm long, which, divided by the camera exposure time
of 62.5 μs, gives us a velocity of 16 m s−1. The larger chunks move
more slowly, roughly 8 m s−1, which is still faster than the escape
velocity of an 11.5-km-diameter spherical asteroid (assuming a density
of 3 g cm−3). It must be noted that these values are derived from one
2-D view, and the velocities can vary depending on their movement
towards or away from the camera. The velocity derived from the streak
can also vary depending on the size of the particle, though these ranges
are not expected to exceed one order of magnitude.
Due to the small size of the sample pieces, they tended to heat up
after some of the longer or higher-powered experiments. This could be
due to low thermal conductivity compared to, say, metals. It may be
beneficial to perform laser processing on the night side of an asteroid,
as re-radiation of heat from the laser is more efficient.
The majority of holes (12 out of 15) had some material pushed up
around the edges, or re-solidified on the surface. Only three pyroxene
holes had no measurable material above the surface. The material
that formed the edges is subtracted from our estimate for the volume
removed to provide a more accurate estimate of the total volume
that escaped the sample. The correction does not affect the results
for pyroxene or serpentine much, but it does have a strong effect on
experiments with olivine, because the estimate for the volume removed
would otherwise often be negative. In such cases we assume that the
laser irradiation sublimated or vaporized some material which became
trapped in the melt pool, and reported that the experiment did not
remove any material.
The highest volume processing efficiencies previously found in [22]
were 25.2, 36.7, and 23.2 mm3 kJ−1 for olivine, pyroxene, and serpen-
tine, respectively, at power densities up to 900 kW cm−2. The highest
values found in this work were 14.8, 63.3, and 63.9 mm3 kJ−1 for
olivine, pyroxene, and serpentine, respectively at power densities as
low as 1.4 kW cm−2. For reference, the volume removal efficiencies
estimated in [14] were around 1 mm3 kJ−1, and the values found
in [23] were over 1968 mm3 kJ−1. Both cases operated in the same












































Volume removed as found by XMT analysis. Also shown are the calculated volume removal efficiencies and mass removal rate.
Hole Nr. Volume Removed Power Pulse Length Pulses Total Energy Volume Efficiency Mass Rate
(mm3) (W) (ms) (J) (mm3 kJ−1) (g s−1)
Olivine
1 0.004 ± 0.007 3,000 10 1 24.2 0.2 ± 0.3 0.002 ± 0.003
2 0.014 ± 0.009 1,500 20 1 24.2 0.6 ± 0.4 0.003 ± 0.002
3 1.783 ± 1.003 3,000 10 5 120.8 14.8 ± 8.3 0.136 ± 0.076
4 0.076 ± 0.050 5,000 10 1 40.3 1.9 ± 1.2 0.029 ± 0.019
5 0.286 ± 0.442 3,000 20 1 48.3 5.9 ± 9.2 0.054 ± 0.084
Pyroxene
1 2.964 ± 1.092 6,000 10 1 46.8 63.3 ± 23.3 1.008 ± 0.415
2 5.503 ± 0.604 6,000 10 5 234.0 23.5 ± 2.6 0.374 ± 0.046
3 1.908 ± 0.579 3,000 20 1 46.8 40.8 ± 12.4 0.324 ± 0.110
4 7.788 ± 0.888 3,000 20 5 234.0 33.3 ± 3.8 0.265 ± 0.034
5 2.468 ± 0.819 1,500 35 1 41.0 60.3 ± 20.0 0.240 ± 0.089
Serpentine
1 18.845 ± 1.012 13,659 30 1 295.0 63.9 ± 3.4 1.602 ± 0.128
2 4.926 ± 0.538 13,659 20 1 196.7 25.0 ± 2.7 0.628 ± 0.102
3 2.031 ± 0.459 13,659 10 2 196.7 10.3 ± 2.3 0.259 ± 0.087
4 0.254 ± 0.132 13,166 10 2 189.6 1.3 ± 0.7 0.032 ± 0.025
5 0.870 ± 0.237 6,820 20 2 196.4 4.4 ± 1.2 0.055 ± 0.023power density region as the experiments in this paper (between 784
and 13659 W/cm2). In the first case, the experiment (on an olivine
ample) was allowed to run for 10 min, with the explicit purpose
f entering a solid-state vapor mode, which would explain the low
rocessing efficiency. The second case was very efficient, as the targets
ere sandstone and shale, very brittle rocks, which spallate relatively
asily; for instance, sandstone contains mostly the mineral quartz.
The HSI footage of the olivine experiments showed that besides
few microscopic flakes, the material did not spallate at any of the
ested laser parameters. The material removal process was dominated
y molten-sputtering. For pyroxene, the three single-pulse cases were
learly dominated by spallation. The five-pulse cases began with spalla-
ion, but quickly became dominated by sputtering after the first pulse.
t is difficult to state clearly which process dominates for serpentine,
s our only tool of analysis is the HSI. There are clearly large pieces
hat remain solid throughout their removal, especially in the first
ew milliseconds, but bright spatter eventually fills the field of view.
xperiment #1 for serpentine has a volume removal efficiency over
wice that of sputtering-driven experiments in [22], so we suggest that
or that experiment, spallation was the driving process.
The highest mass removal rate found in [22] was 0.041 g s−1, and
he highest found in this current work was 1.602 g s−1, an increase of
ver one and a half orders of magnitude. For reference, the estimated
ass removal rate in [17] was roughly 0.016 g s−1, and in [14] was
oughly (0.0001 g s−1). This again, has important implications for
steroid redirection. In order to maintain a gas plume, control of both
he spot location and the focal plane would require extremely precise
NC equipment, perhaps two systems (one for the laser and one for the
pacecraft) [2]. Our research suggests that, due to the time scale dif-
erence between spallation/spattering and ablation, these requirements
an be relaxed, and the laser spot instead should be allowed to wander
ithin limits, spallating and spattering new material, as opposed to
reating a vapor jet.
The reported mass rate represents the material removal rate, which
annot be directly equated with momentum exchange, which, in turn,
s relevant when considering asteroid redirection. A second path of
esearch would need to be opened to analyze the net ‘‘thrust’’ generated
y spallation and spatter, in addition to the thermodynamic model. A
hallenge there lies in the fact that we do not know the exact density
f the molten material coming off of the sample, and how it changes
s it cools, possibly trapping gas within it. The spallation and spatter
eem to extend a full 180 degrees (also reported in [14]).
The processing performance degrades for pyroxene and serpentine
hen using multiple pulses. The performance degradation could be
ue to the material cooling back down, and the beginning segments
f future pulses simply re-heat the material instead of processing it. In
livine, the multiple-pulse case was instead the most energy efficient,330
hich could be due to the fact that it had sufficient energy to put it intothe molten-spattering mode, which gives values closer to those found
in previous work [22].
Serpentine contains hydroxyl (OH) groups that are located between
layers of SiO4 tetrahedra and AlO6 octahedra. The relatively high
pulse energies required to process the material could be due to the
OH absorbing and dissipating energy from the hole area. Both the
serpentine and pyroxene samples had characteristic cleavages, which
could explain why they spallate better than olivine.
In pyroxene, two experiments can be compared: case 1 and 3, where
the energies are the same, but the pulse parameters differ slightly. It
appears the shorter, more powerful pulse processes the material more
efficiently. On the other hand, case 5 suggests that a long, low-power
pulse processes material nearly as effectively as case 1. It is possible
that all three cases process material equally efficiently, as the error bars
do overlap.
Building a thermodynamic model that includes spallation, spatter-
ing, and ablation will prove to be challenging. Existing laser ablation
models (such as the one in [15]) include factors like specific heat,
phase change enthalpies, and radiative and conductive losses. Spalla-
tion/spattering is noted, but not included in the model. One would
have to determine what percentages of the total material removed
is due to each process (spallation/spattering/ablation). This also does
not include the energy absorbed by hydroxyl and water in hydrated
minerals; a real asteroid may not consist of pure minerals, but a
heterogeneous mix of minerals, metals, and volatiles.
5. Conclusions
The research presented above sought to answer the following ques-
tions: do olivine, pyroxene, and serpentine exhibit spallation behavior?
If so, what power densities and pulse parameters seem to produce the
most energy efficient spallation behavior? How does laser-induced spal-
lation perform relative to laser-induced spattering or ablation? After
carrying out the experiments, observing them with HSI, and measuring
the hole sizes with XMT, a number of conclusions can be drawn:
1. The HSI revealed that olivine does not tend to spallate at power
densities between 1.5 and 13.7 kW cm−2, whereas pyroxene and
serpentine will do so. It is important to have a good estimate of
the surface composition of an asteroid before considering using
laser-induced spallation for redirection.
2. The XMT analysis showed that processing pyroxene and serpen-
tine at power densities between 1.5 and 13.7 kW cm−2 yielded
volume-removal efficiencies of over 60 mm3 kJ−1. This is two- to
three-times more energy efficient than laser-induced spattering,
and over 40 times more energy efficient than laser ablation.
Acta Astronautica 182 (2021) 325–331N. Anthony et al.3. A new laser-based asteroid redirection/detumbling model should
be developed to include spallation and spattering in addition to
ablation. The new energy efficiency may allow for a smaller/
lighter laser, fewer solar panels, and leaner GNC system require-
ments.
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